The effect of dispersive substrates upon the operation of microstrip antennas is evaluated with a simple and efficient finite-difference time-domain technique. Two single-feed corner-truncated patches with Debye-modeled substrates are simulated; the reflection coefficient and the input impedance are calculated and compared with the lossless case demonstrating that mainly the input impedance and slightly the resonant frequencies are influenced. An unsplit perfectly matched layer is also proposed for the termination of computational domains with dispersive media.
I. INTRODUCTION

S
INCE the first fabrication of microstrip antennas, extensive research and experimentation of patches and arrays have led to structures with great variation and different operation that exhibit numerous advantages. In the recent years, microstrip antennas have become more complicated due to the inhomogeneity and anisotropy features of the dielectric substrates, the addition of loads between the patch and the ground plane, and the integration of circuit functions with antenna functions [1] , [2] .
On the other hand, both the rectangular and circular patches, fed conventionally, radiate mainly linearly polarized waves. However, circular-polarization (CP) operations can be obtained by embedding slots, inserting slits of different length at the edges or truncating the patch corners [1] - [3] . Furthermore, by loading slots in the patch, dual frequency operation can be achieved where the resonant frequencies can be tuned by the length of the slots [4] . Such patches with demanding shapes and dispersive substrates render their design, via the appropriate experimentation, cumbersome and their fabrication without a means of reliable analysis unaffordable.
Numerical techniques have kept pace with the advances in this field. The finite-difference time-domain (FDTD) method has become a very popular tool in antenna simulation since it provides accurate calculations of antenna parameters. The FDTD algorithm can easily and effectively simulate electromagnetic propagation in dispersive media (Debye, Lorentz, Drude, etc.) [5] - [7] . The influence of substrate dispersion on the characteristics of an antenna has already been studied by several researchers using analytical and/or numerical approaches [8] - [11] . Two single-feed corner-truncated microstrip antennas with dispersive substrates, not previously analyzed by means of a numerical technique, are examined in this paper. The return loss, the input impedance and axial ratio for a wide frequency band are extracted and the influence of dielectric dispersion is examined. In order to perform an exact modeling of the antenna, we use an extension of the FDTD technique to dispersive media [6] . There are several perfectly matched layer (PML) formulations for the termination of dispersive media [12] , [13] . Here, we propose an efficient unsplit-field PML scheme which avoids the back-storing of complex numbers as needed for the RC technique [5] , [13] and arises advantages in terms of memory requirements.
II. PML SCHEME FOR THE DEBYE MEDIUM
Maxwell's equations inside a PML terminating a material with electric and magnetic dispersion are written as (1) (2) where is the diagonal "material" tensor, and for . Parameters and provide additional attenuation to both propagating and evanescent waves. The tilde denotes that the field is in the frequency domain. The proposed PML can also be used for the termination of media with magnetic dispersion often encountered in applications [14] .
For the case of the Debye medium of order the relative permittivity in the frequency domain is defined as (3) where and are the relative static permittivity and the relaxation time of the pole, respectively, and is the infinite relative permittivity. The real and the imaginary part of the relative complex permittivity are denoted by and . Ampère's law (2) is written as (4) where . The variable is defined as (5) 0018-9464/$20.00 © 2006 IEEE
We also introduce the variable and the previous equation, after the transformation into the time domain, takes the form (6) After transforming (5) into time domain, we have (7) where . We now approximate the previous differential equations by using finite differences. The difference operators are defined as and . The (6) is written in operational form as follows: (8) and the update equation for the variable is (9) where the coefficients and are defined as
calculated once at the beginning of an FDTD simulation. In the same fashion, the update equation for the variable is yielded from the (7) and is the following:
The coordinate components of are (13) We also define the variable such that (14) The differential equation that involves the components and is the following: The proposed PML requires additional variables to terminate a Debye medium with poles.
III. MODELING OF MICROSTRIP SUBSTRATES
One of the critical issues in designing a microstrip antenna is the choice of the substrate. Generally, the dielectric properties depend on the excitation frequency, the operation temperature, the ageing, the water absorption and even the ultraviolet radiation exposure [1] . It is surely very difficult to model all these parameters in a simulation, but the effect of the material dispersion upon the antenna operation is often attainable.
Usually, material manufacturers specify the electric loss tangent together with the , at a set of frequencies. For example, Rogers, the manufacturer of RT/Duroid 5880 cites a loss tangent of at a frequency of 10 GHz and a relative dielectric constant of 2.2. If we assume only constant static conductivity, this is equivalent to S/m. Some substrates, like sapphire, exhibit changeless values of and , while others exhibit great variation. Since in nature, the relative permittivity and the loss tangent are functions of the excitation frequency, the aforementioned modeling of such dielectric substrates can not be accurate. A more precise description of the electric behavior of these materials is through the well-known Debye formulation (3) . We obtain the parameters of the Debye medium through fitting the experimental data to (3). In the following, we use a Debye model with one pole and assume an epoxy substrate with: and s. This material exhibits a loss tangent of 0.01834 and a real part of relative permittivity of 4.4 at 900 MHz. Two models will be considered for the substrate material: (a) the previous one-pole Debye model and (b) the lossless model with constant dielectric permittivity . Lossy models that also take into account static conductivity are reported in [10] and [11] . The application of more accurate th-order Debye models for the substrate material can provide more precise results in a greater frequency bandwidth [15] .
IV. ANTENNAS' DESCRIPTION AND CALCULATIONS
Single-feed corner-truncated square microstrip antennas with embedded slits and slots have been reported in the relevant literature to achieve CP operation and bandwidth enhancement. In this paper, such antennas with dispersive substrates are numerically explored with the aid of the aforementioned frequency-dependent FDTD method. Figs. 1 and 2 show the geometry of the two antennas under consideration, called in the following as antenna "A" and antenna "B," respectively. The substrate is 1.6 mm thick. It is stressed that antenna "A" is a modification of the structure presented in [3] with two pairs of narrow slits embedded in a rectangular patch with two truncated corners, while antenna "B", presented in [4] with nondispersive dielectric substrate, is also first simulated via the FDTD method. The simulation region is 60 60 20 cells in the , and directions, respectively, and the cell sizes are cm and cm, whereas the time step is restricted by the Courant stability criterion. The return loss for the antennas is depicted in Figs. 3 and 4 . Notice that the resonant frequencies for the lossless model are slightly lower than for the Debye model, a divergence which becomes greater in the higher order modes. This is due to the fact that the relative dielectric permittivity is 4.4 for 900 MHz and lower for higher frequencies as suggested by the Debye model and to the fact that the resonant frequency of a patch is inversely proportional to the square root of the relative permittivity of the substrate. Therefore, the model with constant dielectric permittivity can be applied only for a narrow frequency bandwidth and it is improper for wide frequency band simulations.
In Fig. 5 , we notice that the input resistance for the first mode is calculated nearly 50 with the Debye model and more than 80 Ohms with the lossless model. A similar observation can also be made from Fig. 6 . Such a difference, also observed in [10] and [11] , is great for the higher order modes as well, indicating the sensitivity of the structure on substrate dispersive losses. Such a divergence renders the matching with a coax cable or a microstrip line a tricky procedure. From numerical simulations it is also noted that the radiation patterns are not greatly modified and the primary characteristics remain unchanged but with some dB down in magnitude due to dielectric losses of the substrate. Additionally, the operation bandwidth of the microstrip antennas is small (usually up to 150 MHz) and the dielectric properties of the substrate material remain practically unchanged in this frequency region. Nevertheless, in modern dual-frequency antennas (such operation is shown in Fig. 3 ), the two operating modes are quite far from each other in the frequency spectrum (sometimes 2.5 GHz). It is obvious that in such a frequency region dielectric properties can vary seriously. Suitable values of the relative permittivity and loss tangent at one frequency mode are not valid in the other mode, rendering the numerical analysis cumbersome and inexact. From Fig. 7 , it is also demonstrated that CP operation for the antenna "A" can achieved for two frequencies.
V. CONCLUSION
A frequency-dependent FDTD technique and the proposed PML provide powerful means for accurate calculations of the return loss and input impedance of microstrip antennas and allow the use of materials with dispersive behavior as microstrip substrates. As a rule of thumb, the calculated input impedances are larger than the exact ones and the resonant frequencies are shifted if a simple constant model is applied in the simulations. Since for real-life applications (like WLANs) the resonant frequencies and the operation bandwidth must be precicely estimated, the substrate dispersion should be taken into account in the antenna design.
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